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I n t r o d u c t o r y
X-ray studies of the molecular structure and properties of animal hairs (Astbury and Street 1931; Astbury and Woods 1933; Astbury and Sisson 1935 ' Woods 1938)* lead naturally to comparable studies of muscle tissue, if only because both types of structure are protein and fibrous, but par ticularly because both show similar long-range elastic phenomena and give similar X-ray photographs (Astbury 1933a (Astbury , 1934 . Previous X-ray studies of muscle (Herzog and Jancke 1921, 1926; Boehm and Schotzky 1930; Clark and Corrigan 1931; Boehm 1931 Boehm , 1933 Worschitz 1934; Meyer and Picken 1937) do not appear to have brought out or made any use at all of this resemblance, the starting-point of the present investigations, though the closeness between the X-ray diffraction pattern of normal hair and that of relaxed muscle, washed and dried, is such as to imply immediately that the two structures depend for their properties on proteins of like molecular configuration.
The common photograph of animal hair,f horn, nails, spines, etc., arises from the insoluble fibrous protein keratin, in the form of long thin, submicroscopic 4 crystallites ' lying approximately parallel to the natural fibre axis. The crystallites are apparently of the nature of polypeptide chain -bundles, but the inference is that the chains are not normally in the fully extended configuration characteristic of fibroin of natural silk (Meyer and Mark 1928, 1930) , but are in some regularly folded configuration that can be pulled out straight by stretching the fibre (Astbury 1930 (Astbury , 1931 Astbury and Woods 1930, I , II), since it is only then that a diffraction pattern is obtained analogous to that of silk: normally the pattern is quite different. In the presence of water at ordinary temperatures the fibre is reversibly elastic over a great range, and the change from one type of X-ray photo graph to the other and back again always accompanies stretching and recovery. There is presumably a reversible intramolecular transformation between a shorter protein molecule (a-keratin) and an isomer (/?-keratin) of probably roughly twice the length.
The remarkable resemblance between the X-ray photographs of un stretched hair and relaxed muscle, washed and dried, shows at once not only that the chief protein constituent of muscle too lies in the form of long thin, submicroscopic chain-bundles approximately parallel to the natural fibre axis, but also that the protein chains are not normally in the fully extended configuration, as perhaps might be expected from the con tractile properties of the structure, but are in the folded a-configuration. A few years ago such a conclusion might have sounded paradoxical, because hair is one of the most beautifully extensible structures known and muscle is nothing if not contractile-or at least it might have been used as an argument against the idea that muscle contraction is due to a contraction of the protein molecules themselves (Meyer 1929 (Meyer , 1930 ; but the paradox has been resolved by the discovery (II) that hair also has long-range contractile properties, latent in the ordinary way, but functioning when certain link ages between the side-chains of neighbouring main-chains are broken down. Keratin is thus not only elastically extensible; its normal equili brium form is really a metastable phase whose inherent powers of contrac tion are inhibited by its cross-linkages. If the latter are disrupted, as shown in the X-ray photographs, the system shortens when its temperature is raised in the presence of water-or even in the cold under the action of dilute alkalis-and is now reversibly elastic over a greater range still. To distinguish this phenomenon from the ordinary elastic recovery of stretched hair, it has been proposed to call it 'supercontraction' (II). The super contracting form of keratin, then, can either be stretched by about 100% or contracted (in steam) by about 30 %.
We may fairly conclude, therefore, that there is neither paradox nor accident in the correspondence between the X-ray photographs of muscle and hair-the chance of such close accidental agreement seems in any case remote-but that underlying it there is some kind of genuine molecular correspondence. The characteristic protein of each appears to exist normally in the folded a-configuration, both have long-range contractile powers (the supercontraction of hair being the counterpart of the contraction of muscle), and both-a critical deduction-should be capable of elongation into similar ^-modifications. When first this deduction was made the writers tried without success to change the muscle substance by stretching (1933) , but now the transformation has been accomplished (Astbury and Dickinson 19356), as will be described in the next paper of this series; and prior to this it had been brought about without difficulty in the isolated muscle protein (Astbury and Dickinson 1935a) .
The chief muscle protein myosin comprises about 7 0 % of the total soluble protein (Weber 1933 (Weber , 1939 Bate Smith 1937) , and it is present as a swollen solid, or gel, in a medium which probably contains all the other soluble proteins (globulin X, myogen and myo-albumin) in solution (Bate Smith 1937) . It may be extracted with KC1 solution, for instance, and re precipitated from the resulting sol in a pure, undenatured state (Edsall 1930) . Boehm and Weber (1932) prepared myosin threads in this way and were the first to show that such threads, when oriented by stretching, give an X-ray photograph like that of muscle itself. They did not observe how ever, and make no reference to the possibility of, an a-/? transformation of the kind discovered in keratin, though Weber (1933 Weber ( , 1934 ) made a valuable study of the optical and elastic properties and demonstrated that at a certain stage of extension there must begin an elastic change in the actual myosin molecules. A detailed X-ray study of myosin follows below, and it will suffice at this point to say that there is no doubt now that the main component of the X-ray photograph of muscle arises from elongated units of myosin, oriented, like keratin in hair, practically parallel to the direction of the natural fibres. There are present haloes, of course, from the fluid contents in the case of undried muscle, and also generally weak reflexions from the connective tissue; but to all intents and purposes the X-ray photograph of muscle, whether living or dead, is a myosin photograph.
The optical properties of muscle (v. Ebner 1882; Hurthle 1909; Schmidt 1924 Schmidt , 1937 Stuebel 1923 Stuebel , 1928 v. Muralt 1932 v. Muralt , 1935 Weber 1933 Weber , 1934 Weber , 1939 Noll 1934; Langelaan 1934 Langelaan , 1936 v. Studnitz 1935; Buchthal 1936 Buchthal , 1937 Fischer 1936) are also chiefly those of its myosin constituent, as in fact are so many of its properties, and it is nowadays generally agreed that this protein is the central working substance and the real seat of its elasticity. The logical procedure then, from the present point of view, is to commence with a detailed examination of free myosin and afterwards continue with the X-ray study of muscle proper. This first paper is thus devoted to myosin, and the next paper will deal with muscle itself.
Material
The first experiments (1935a) were performed with films made from myosin sols provided by Dr E. C. Bate Smith (1934) of the Low Tempera ture Research Station, Cambridge, but subsequently regular supplies were made by Dr K. Bailey (19376) , who prepared rabbit myosin from the hind limb muscles and longissimus dorsi, lobster myosin from the abdominal and pincer muscles, and Mytilus edulis myosin from the foot retractor muscle.
After various trials (chiefly to eliminate incipient spontaneous trans formation into the //-form-see below), the best procedure for making myosin films suitable for X-ray and elasticity experiments was found to be as follows: The Edsall buffer extract was precipitated in 20 vol. of water at 0° C, centrifuged off and washed once with water. To the washed gel was added solid KC1 to 8-10% concentration, and the sol thus produced was filtered through paper pulp, precipitated again, centrifuged and washed, taken up with KC1 as before, and again filtered. As a rule the protein concentration was about 1| %. The sol was then spread thinly on a clean glass plate and dried on a warm plate in a current of air such that the surface temperature was 23° C. Each film took some 15-20 min. to dry, and the KC1 was not washed out of each separately, but about three thicknesses were built up before washing in distilled water and drying again before another addition of sol. In this way sheets of various final thick nesses were built up and stored, still adhering to their glass plates, till needed. Success seems to depend on making each constituent film thin, so that it dries as a whole without unduly retarding evaporation from the interior. The Mytilus myosin films were prepared in a similar manner, except that the sol concentration was 0-6%.
On moistening a film on its glass plate, strips one or two millimetres wide could be cut by means of a scalpel and ruler, and then lifted off with the aid of the scalpel blade.
The a-and //-photographs and the intramolecular transformation
Myosin film prepared as just described and photographed with the X-ray beam perpendicular to the surface gives a ring photograph (figure 1, plate 15) closely resembling that of disoriented a-keratin; but with the beam parallel to the surface it gives a pseudo fibre photograph, inter-X -ray studies of the molecular structure of myosin 31 mediate between figures 1 and 2, plate 15, indicating that the structure is one of elongated units lying roughly parallel to, but randomly disposed in, the plane of the film (see below). On moistening and stretching, the first thing that happens is that the units are pulled parallel to the direction of stretching, so that an oriented a-photograph gradually develops even with the X-ray beam perpendicular to the surface, and especially when it is parallel to the surface. The process of orientation approaches completion when the myosin strip is about 1| times its initial length, but it is then complicated by the onset of the intramolecular transformation into /?-myosin; which means that it is not possible to get a well oriented, pure a-photograph by this method.
The difficulty was overcome by the discovery that after swelling the strips for a few minutes in 1 % NaOH solution, the internal cohesion is so much reduced that they can be stretched to three or four times their original length without breaking or appreciable transformation, and on washing thoroughly and drying at the stretched length, a very good oriented a-photograph is obtained (figure 2, plate 15). Swelling in n /10 HC1 works similarly, but the a-photograph is not quite so good and shows traces of the /?-form. Figure 3 , plate 15, is an exact comparison between the X-ray photo graphs of oriented a-myosin (obtained as just described) and oriented a-keratin (horn, photographed parallel to the surface, I, II). The two specimens were similar in shape and size and were exactly interchangeable on the spectrometer, and the comparison was carried out on one and the same photographic film according to the technique described in II. The two quadrants of the myosin photograph are marked M, and those of the horn photograph H, and it will be seen that there is a very close corre spondence indeed. If anything, the side-chain reflexion of myosin (on the equator) is slightly nearer the centre and appears to correspond to a spacing of about 9*9 A. The spacing of the meridian reflexion is close to 5TA. Uniform strips of untreated film usually stretch in water or water vapour to about three times their initial length without breaking, but the transformation into /?-myosin is never complete owing to lack of internal cohesion, though it generally progresses farther on stretching in water vapour, as would be expected. The maximum extension (about 200%) corresponds approximately with that given by fully oriented keratin (about 100%), because the act of orienting the units lying disoriented in the plane of the film first involves an elongation of 57 % (I), and then this new oriented length is roughly doubled by the intramolecular transformation. It is, however, hardly possible to obtain such uniform elasticity data from 21-2 myosin strips as may be obtained from animal hairs, partly owing to lack of uniformity in the strips and partly on account of variations in the pro perties of the myosin itself, arising from our present incomplete knowledge of its structure and the best ways of dealing with it in different circum stances. In general, for instance, there seems to be inevitably a certain amount of internal (intermolecular) slipping when extracted myosin is moistened and stretched, and the elastic properties depend to some extent also on the age of the preparation. Again, the elastic recovery of myosin film prepared by evaporation on a flat surface is always incomplete by a rather vague amount because of the orientation that first takes place on stretching, though the residual extension, which may be anything from perhaps 30 to 7 0 %, is of the right order (theoretically 5 7 %). Recovery in water vapour is incomplete, even allowing for the orientation effect; but a few hours' soaking in water usually suffices to bring back a stretched strip to about the length to be expected on making this allowance. The indications then from ordinary stretching and recovery experiments are that myosin in the presence of water is definitely reversibly elastic over a range of roughly twice its oriented length: observed irregularities are no more than may legitimately be referred to internal slipping, overlapping of the intramolecular transformation with orientation phenomena, and the elastic after-effect so particularly associated with structures built from chain-molecules.
As already mentioned, the transformation from the a-to the /?-form of myosin, which is the molecular basis of its long-range elasticity, is never quite complete in the X-ray photographs when strips of film are stretched in water or water vapour, but practically complete reversal from the /?-to the a-photograph is obtained on leaving the stretched protein to recover sufficiently long in water, even though it may have been kept dried for some time at its stretched length. It was thought originally (1935®) that this is not so, that drying stretched myosin partially destroys its power of reverting from the /?-to the a-form; but later experiments have shown that though failures undoubtedly do occur, they are almost certainly to be ascribed to the shortcomings of the myosin preparations and their subse quent treatment.
An interesting effect was observed when myosin strips, stretched in water, were photographed in the wet state. At intermediate extensions there is practically no /^-pattern to be seen, but only the water halo and a faint a-pattern with unusually vague side-chain reflexions. The /^-pattern may be seen at higher extensions-and, of course, quite clearly always if the specimen is allowed to dry and then photographed again-but it is evident that the penetration of water between the main-chains, as shown by the lack of definition and the spreading of the side-chain reflexions for instance (Astbury and Lomax 1935; II) , emphasises the tendency of the //-form to return to a and interferes with regular diffraction. The effect is presumably similar to what occurs on raising the temperature of stretched rubber: the thermal vibrations in the latter case finally bring about such departures from crystalline regularity that the X-ray fibre pattern is destroyed. It is known also that strong inter-chain swelling leads to a similar result (cf. Astbury 19336) .
For the purpose of exact comparison with keratin it was necessary to obtain a more perfect //-photograph than is given by stretching disoriented film, and this object was attained by using strips already brought into the oriented a-form by stretching in dilute caustic soda, as described above. Such oriented strips may be stretched in water vapour generally to rather more than twice their initial length, and they contract again quite quickly and powerfully when afterwards released in water. If they have been stretched by no more than about 100 %, elastic recovery in water is perfect; but if they have been stretched beyond this there is some residual elonga tion, indicating that internal slipping has occurred (see below). X-ray photographs show a nearly complete transformation into //-myosin before breaking, and there is almost perfect return to the a-form on contraction -in fact these oriented strips of myosin are obviously reversibly elastic over a range of about 100%, and apparently, like mammalian hairs, they may be made to undergo the a-// transformation as often as required.
The final //-photograph shown in figure 4 (plate 16) was obtained from oriented strips first stretched by about 7 0 % in water vapour and then immersed, while still held stretched, for ten seconds in water at 80° C. The action of hot water will be discussed more fully below: the effect here was to complete the intramolecular transformation by means of a sudden in crease of internal tension at constant length, as in the isometric contraction of muscle. Figure 5 (plate 16) is a composite comparison photograph (cf. figure 3 ) of //-myosin so obtained and //-keratin (horn at 7 0 % extension). Again it is seen how closely the two structures correspond from the point of view of X-rays: the only noticeable spacing difference lies in the sidechain reflexions, that of //-myosin being slightly nearer the centre.
X-ray photographs of oriented strips of myosin stretched to the limit in water vapour show also a phenomenon previously discovered in keratin stretched in hot water or cold dilute alkali-the so-called 'smear lines', or 'spreading along the hyperbolae' (II), which consists in this case of a drawing-out of every spot except those belonging to the zone [001] . The zone-axis [001] corresponds to the side-chain direction, and the inference is that in both structures high extensions are accompanied by a disruptive disturbance in that direction, though if only water is used to facilitate extension, higher temperatures are needed to bring about the effect in keratin.
Mr H. J. Woods kindly took for us a number of load-extension curves on specially prepared myosin strips about 1 mm. wide and 0-15 mm. thick which had previously been stretched in 1 % caustic soda solution to an extension of 275% and then washed for 24 hr. and dried at the stretched length. They were stretched in water vapour at a rate of extension of 20-25 % per min. and gave curves essentially similar in form to those given by keratin (II). Three examples, (1), (2) and (3), are shown in figure 6, to gether with the load-extension curve (4) o f4 generalized ' Cotswold wool in cold water; that is, wool stretched first in dilute caustic soda to about twice its initial length, allowed to 'supercontract', then washed free from alkali, and finally stretched and allowed to contract again in cold water till the limiting reversibly elastic state has been attained and the load-extension curve has moved over to the left as far as possible (II). In this state sidechain breakdown (corresponding to the 'spreading along the hyperbolae' in the X-ray photographs) has been brought to a maximum without seriously injuring the keratin 'grid', and the fibre may be stretched in cold water up to about twice its initial length and contracted again as often as desired, while the X-ray photographs show the intramolecular trans formation accordingly.
No great significance may be attached to the absolute values of the elastic constants given by the myosin curves in figure 6, owing to im perfections in the strips and the undefined variations already mentioned; but it will be clear enough that the keratin and myosin curves are similar in type, the sudden rise at the end of the Hooke's Law region corresponding to the onset of the intramolecular transformation, the almost vertical part to the bulk of the a-chains being transformed into /? as soon as the critical load is passed, and the gradual bending over to the right towards the end to the heterogeneity of the structure and the progressive taking up of the load by chains that have already been transformed (II). Curve (2) records a restretching of the strip that gave curve (1), after it had contracted in water to within about 4 % of its initial length, while curve (3) represents the fourth stretching of another strip that had previously recovered within 1 %.
The second upward rise of curves (1) and (2) after about 100% extension almost certainly corresponds to internal slipping when the transformation has been completed, for the further one succeeds in stretching oriented myosin beyond this extension the less perfect is the recovery on contraction. This effect had not previously been detected in keratin, the fibres always breaking in steam at about twice their unstretched length (II); but now Woods has so improved the technique that he has observed a similar in flexion with various keratin fibres too.
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Selective orientation on pressing
It has been described in III how moist keratin fibres may be stretched into the //-form simply by squeezing laterally, and how, when the tempera ture is raised, there follows also side-chain breakdown that permits the //-crystallites to rotate about their long axes and orient themselves with the side-chains perpendicular to the plane of flattening. The //-crystallites are tablet-shaped, but not in the sense that perhaps might be inferred from the fact that they are piles of flat polypeptide grids: the grids are relatively so narrow in the side-chain direction, so long in the main-chain direction, and so many are grouped together in the direction of the 'backbone spacing' (the picture is one of a high pile of strips of ribbon, each strip corresponding to a grid), that they lie transversely in the tablets; and once side-chain breakdown has taken place and so freed the interior of the effectively continuous complex to which the properties of the virgin keratin fibre conform, lateral pressure brings the side-chain spacing perpendicular, and the backbone spacing parallel, to the plane of flattening. (It was in this way (III) that it was first proved directly that the side-chain and backbone spacings are perpendicular to each other, as had already been inferred indirectly.) Similar changes can be brought about in moist myosin by pressing cold. A convenient technique is to squeeze myosin film between two small pieces of thick plate glass held in Hofmann screw clips, and then to cut up the thinner film so produced and build it up into the form of a rectangular block, so that photographs may be taken in each of three directions at right angles. Squeezing alone causes disorientation in the plane of flattening, but this may be avoided by stretching and pressing alternately, so as first to produce the /?-form more directly and then to preserve the orientation as much as possible. Figures 7-9 (plates 16, 17) were obtained in this way, the already oriented myosin strip being first stretched by 125% in water vapour at room temperature. They should be compared with corre sponding photographs of keratin pressed in steam (III, plate 11): the re semblance is very close indeed. In figure 7 (plate 16) the X-ray beam is parallel to the plane of flattening and perpendicular to the fibre axis, which brings out the side-chain reflexion strongly and leaves the backbone re flexion very weak. The photograph shows also clearly the £ spreading along the hyperbolae' that arises from a spacing disturbance in the side-chain direction only. In figure 8 (plate 17) the X-ray beam is perpendicular to both the plane of flattening and the fibre axis, which now brings out the backbone reflexion strongly and leaves the side-chain reflexion weak; while in figure 9 (plate 17) the beam is parallel to the fibre axis, which reveals directly the side-chain and backbone spacings standing at right angles to each other.
The action of water at higher temperatures : supercontraction
It will be convenient to consider first hotter water or steam. In the X-ray photographs the effect observed is essentially one of sudden conversion into the yd-form, and this is accompanied by contraction or development of tension in the specimen according to whether it is free or not. This is similar to what is observed in stretched keratin when treated with hot water or steam-or more generally, in keratin that has been brought into the labile (supercontracting) state by appropriate side-chain breakdown. Steam has no such action on normal, unstretched keratin, the X-ray photograph and fibre length remaining substantially unchanged.
The simplest application of the effect, long used in keratin studies (I, II), is enhancement of the /?-form and improved orientation in the y?-photograph when stretched hair is exposed to steam. This phenomenon arises from a combination of causes: the rapid transformation from a to /? under the joint influence of stress and temperature, hydrolytic breakdown among the cross-linkages of the grid, an d the tendency of the now labile grid even to super contract. The result is a momentary development of tension which leaves an improved orientation of those parts of the structure that are better organized (see II). With myosin the internal stresses and changes set up by the action of steam, though analogous, are of a still more violent nature: even with stretched oriented strips there is some disorientation of the /?-form that is suddenly produced. In fact, as has already been men tioned, it was found convenient to use water no hotter than about 80° C in order to improve the /?-photograph obtained by stretching in water vapour at room temperature. If a piece of ordinary a-film is exposed to steam it contracts almost instantaneously by about 20% (linear) if free, and whether free or not gives then a /^-photograph: it is not necessary to stretch the myosin first, as it is with keratin; it behaves naturally like the supercontracting form of keratin. It shows directly, too, another striking effect that can be brought about in keratin only by means of a special technique. The instantaneous internal tensions are apparently so strong that they pull over the tablet-shaped crystallites and bring them to lie with the side-chains roughly perpendicular to the plane of the film, just as though the film had been subjected to external pressure, as in the experi ments described in the previous section. Rudall (1936) first obtained such a result with keratin by stretching various specimens in steam, not longi tudinally but laterally. It was a somewhat surprising discovery, but it is reasonable enough on considering the matter; and knowing from the com pression experiments that the myosin crystallites also are tablet-shaped, there seems no reason to doubt that sudden tensions developed in all direc tions in the plane of the film must tend to pull the crystallites flat. Figure 10 (plate 17) illustrates the phenomenon in a piece of a-film ex posed to steam for one second and then photographed with the X-ray beam parallel to the plane of the film. It will be seen that not only has the a-form been almost completely converted into /?, but also that there is a definite concentration of the backbone reflexion on the meridian of the photograph, indicating that the corresponding spacing tends to lie parallel to the film, as though the latter had been pressed.
Later it was found possible to imitate Rudall's experiments even more closely, simply by stretching a wide strip of a-myosin film by about 125% in water vapour at room temperature. The stretched strip was then cut into other strips at right angles to the direction of stretching, built into a block, and photographed with the X-ray beam parallel both to the plane of the tudies of the molecular structure of myosin film and to the direction of stretching. The photograph so obtained was similar to figure 9, in that it showed the side-chain spacing tending to lie perpendicular, and the backbone spacing tending to lie parallel, to the plane of the film. Thus once again an effect that can be brought about in keratin only with the aid of hot water or steam was found to be realizable in myosin even at ordinary temperatures. The well-known 'setting' effect of steam on stretched keratin (I, II) also finds its counterpart in myosin, for once a strip of /?-myosin has been exposed to steam it loses completely its power of contracting again to the a-form; and that new cross-linkages are quickly set up, as they are more slowly when stretched hair is steamed, is shown for example by the fact that the disorientation mentioned above cannot be reduced appreciably by further stretching.
The maximum supercontraction so far attained with keratin fibres (II; Woods 1933) is of the order of 5 0 %; and assuming something similar for myosin fibrils lying parallel to the surface of a film, it is possible to estimate the order of contraction to be expected when such a film is exposed to steam. Consider a square of film of side and thickness and suppose it contracts to a square of side a2 and thickness The myosin remains practically constant both on extension and supercontrac tion (this is true for keratin also, II), we have = But for a single chain-group or fibril, t\lx = t\l2, where l2jlx is the ratio of the supercontracted to the normal length: whence a2Jax = (Z 2//1)i = (0-5)1 = 0-84.
Thus arguing from keratin we should expect a supercontraction of at least 16 %, and actually about 20 % or a little more is usually observed with film prepared as described above. This corresponds to a undirectional supercontraction of about 60 % for myosin as compared with the 50 % of keratin, and it will be shown below that it is possible to realize super contractions of this order with oriented strips of film.
The calculation assumes that the supercontraction does not involve dis orientation of the chain-groups out of the plane of the film: such an effect undoubtedly does occur to some extent, and it may be that it accounts in part for the observed supercontraction being rather higher than the theoretically predictable value.
Completely disoriented myosin, of course, shows no supercontraction; and in this connexion it is worth mentioning an experiment devised to demonstrate that the selective orientation of myosin (and of gelatin, too, for example) found in films made by drying a pool of sol on glass is essenti-ally an effect of drying under tension, and not one of attraction between the side-chains and the glass. There is enormous contraction on drying a pool of sol, but the area remains constant and so accommodation is reached by pulling the elongated chain-groups down as flat as possible-in fact, finding by X-rays such selective orientation in a dried film is one of the simplest proofs that the molecules or molecular groups from which it is formed are longer in one dimension than another. (Films of sodium thymonucleate (Astbury and Bell 1938) afford another impressive and more recent example of the principle.) A myosin film was made by drying a pool of sol on the surface of mercury, so as to allow greater freedom of contrac tion in all directions, and strips cut from it were tested as before for super contraction in steam. Only about 9 % was obtained, instead of the usual 20 % or so, indicating that the chain-groups had been left, on drying, in a state approaching more to complete disorientation. Myosin film first commences to super contract in water at about 40° C. Figure 11A is a typical curve illustrating the development of super con traction with rising temperature in strips of film disoriented in the plane of the film. Strips about 3 cm. long and 1-2 mm. wide were removed from the glass plate with every care to avoid accidental stretching and were first washed in running water for 3 days. A complete experiment was carried out on one and the same strip, the procedure being to immerse it for a few minutes in hot water of known temperature, and then in water at room temperature, the length measurement being taken after the latter operation and always on the wet strip.
Myosin film oriented by stretching in caustic soda shows of course much greater supercontraction than film still disoriented in one plane: as much as 40 % may be realized in boiling water. Fig. 11 illustrates the develop ment of the effect as the temperature rises above about 40° C. For this experiment disoriented strip was first stretched in 1 % caustic soda solution to about 2\ times its initial length, washed while still held stretched for 2 days in running water, then cut from the stretching frame and left free in distilled water at room temperature till ordinary contraction (some 10%) had ceased. The successive immersions and length measurements were carried out as just described for disoriented strip. X-ray and related studies of muscle proper will be discussed in the next paper of this series, but for comparison with the properties of extracted myosin it will be convenient to interpolate here some observations on the thermal contraction of washed and dried muscle. The myosin used for curves A and B of figure 11 was prepared from striated muscles of the rabbit (see above), and it is of obvious interest to compare curve B with the thermal contraction curve of washed and dried myosin in situ in a striated muscle. A frog's sartorius muscle, held at its body length, was washed for 2 | hr. in running water and allowed to dry over-night: next day it was re wetted thoroughly and its thermal contraction measured by means of the technique used for the myosin strips. It gave a series of points so closely conforming to curve B that the same curve suffices for both sets of observations. Another sartorius muscle, washed immediately after removal and examined at once for thermal contraction without first drying, also gave points fitting closely on the same curve. Figure 11 (7 illustrates the thermal contraction of a washed and dried plain muscle, the foot retractor of Mytilus edulis. The shell of the mussel had been prised open* some time previously and its contents washed thoroughly in running water and allowed to dry situ. The foot retractor muscle was cut out and soaked well in water before the actual thermal observations, for which it was given immersions of 1 min. each in hot water, except for a 3 min. immersion at 30° C. It will be seen that for this plain muscle contraction commences rather below 40° C, develops more rapidly with rising temperature, and finally amounts to as much as 7 5 % of the initial length-properties that we need not discuss for the moment.
When followed by X-rays, the increasing supercontraction of oriented myosin with rising temperature is found to proceed along lines very much as might be expected from X-ray studies of the supercontraction of keratin (II), if account is taken of the greater sensitivity of myosin revealed by the various observations reported above. So long as steam or boiling water is avoided, or at least its use is cut down to a minimum, it is possible to super contract keratin by perhaps 2 5 % or so without the /?-form becoming obvious in the X-ray photographs, and even without marked disorientation of the a-pattern: disorientation of the a-pattern does set in gradually, it is true, but the degree of disorientation is always inadequate to explain the observed supercontraction in terms of disorientation alone. It lags behind so much that we can hardly escape the conclusion-especially in view of the X-ray and elastic properties of keratin over its normal range of ex tension and contraction-that supercontraction is simply the /?-a contrac tion carried to a further stage by a continuation of the process of folding polypeptide chains. Owing to the ultimate inhomogeneity of the structure (variations from point to point in size, perfection, and maybe actual chemical constitution of the molecular aggregates), changes take place both in series and in parallel: molecular folding takes place in series as long as possible and will be confined at first to the less organized regions; but in time accommodation must be brought about by the gradual disorientation of less responsive regions in parallel.
The /?-form, much disoriented, becomes definite in X-ray photographs of supercontracted myosin at a temperature as low as about 55° C, as opposed to about 90° C for keratin, and thereafter steadily becomes more prominent with rising temperature or longer treatment; but the a-form is still evident at 65° C, when the supercontraction amounts to about 20%, and is still no more than perhaps half-way towards complete disorientation. Below supercontractions of about 10% the disorientation of the a-form is insignificant.
Supercontracted myosin is reversibly elastic from its new shortened length, just as supercontracted keratin is, though there is the usual small amount of internal slipping at higher extensions (see above). As in keratin too, the higher ranges of extensibility are restricted to some extent when /?-form is present, presumably owing to the formation of irregular crosslinkages.
Myosin supercontracts also in caustic soda solutions, in which respect it again resembles, not normal keratin, but keratin that has been subjected to side-chain breakdown by first stretching in hot water or cold dilute alkali: in both cases, by avoiding higher temperatures, supercontraction may be brought about without producing any /?-form at all, and the dis orientation of the a-pattern is again inadequate to explain the effect quantitatively.
tudies of the molecular structure of myosin
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For the experiments on supercontracting myosin in dilute caustic soda strips of film disoriented in one plane were first stretched in 1 % caustic soda to about 2 | times their initial length, washed for a day at the stretched length, dried, cut free, and finally allowed to contract as much as possible in the normal way by leaving for several days in water. After redrying they were cut into pieces of known length, rewetted and remeasured wet, and then immersed for 5 min. each in caustic soda solutions of various strengths, after which they were washed for several days in water, again measured wet, allowed to dry as freely as possible, and finally measured again dry. Table 1 shows a typical set of results, for which, however, no high accuracy is claimed, particularly on account of the difficulty of drying myosin freely without distortion. It will be seen that the maximum supercontraction obtainable in this way is about 3 0 % of the initial dry length. B  25  251  2 7 |  274  24  24  24  26  C  28J  28  31  27  23  23  25  25 Myosin film still disoriented in one plane behaves similarly when treated with dilute caustic soda, but of course smaller supercontractions are ob tained than those quoted in Table 1 for fully oriented myosin. In one experiment, carried out on the surface of mercury, 5 min. treatment with 1 % solution resulted, after washing and drying, in a supercontraction of about 23 %.
The film used for this experiment was afterwards rewetted and immersed for 3 min. in water near boiling, transferred to cold water, and finally re dried on the mercury surface. The resulting total supercontraction was about 50 % of the dry dimensions before treatment with caustic soda.
Two similar composite experiments with oriented strip gave total super contractions of 61|-and 654%, respectively! i
Discussion and concluding remarks
From the results of the experiments just described it seems impossible not to invoke intramolecular folding if we wish to explain quantitatively the whole range of contraction possible to myosin and muscle: at the very least, "whether it be accepted or not that such a mechanism operates over the range of smaller contractions, it must be conceded that the myosin chains can fold beyond whatever state of folding is implied by the a-form, otherwise we could hardly obtain supercontractions of the magnitude quoted above. The two relevant expressions (I; Preston 1933; Astbury 1933 c) for the elongation produced on orienting particles that are very long and thin are and
where (1) refers to an initial disorientation over an angle (j) in one plane only, and (2) refers to an initial disorientation in all azimuths to the direc tion of extension. (1) shows that when the particles have random dis persion in one plane only, the maximum possible elongation by orientation is (|7r-1), or about 5 7 %; while (2) shows that when they have completely random dispersion, the maximum possible elongation is 1, or 100%. Otherwise expressed, the complete disorientation of long thin particles already disoriented in one plane only can result in a contraction of no more than about 21^% of the initial length, and the complete disorientation of fully oriented particles can result in a contraction of no more than 50 % of the initial length.
Hot water does in fact cause supercontractions approaching these amounts, and therefore it might be held that such experiments are still inconclusive; but in answer to this there are three main arguments: (1) that the X-ray and elastic properties of keratin and myosin over their normal range of extension and contraction cannot be interpreted except in terms of intramolecular unfolding and refolding; (2) that neither the super contraction of keratin and myosin, nor the contraction of muscle (as will be shown in the next paper), is accompanied by such disorientation of the X-ray pattern as would account quantitatively for the observed changes in length; and (3) that with both myosin and muscle greater contractions may be brought about than are theoretically possible on the hypothesis of simply disorienting long thin particles.
But then it might be asked why the supercontracted form does not give rise to still a third X-ray fibre pattern. There is no convincing reason why it should. When elastoidin or tendon, for instance, contracts in hot water (sometimes to less than one-fifth of its initial length), the fibre photograph (collagen type) gives place to two 'amorphous' haloes (Champetier and Faure-Fremiet 1937; Astbury 1938a Astbury , 1940 : obviously there is folding of the polypeptide chains, but the power of forming bundles to a regular pattern is temporarily lost. And there is nothing remarkable in this: complicated dye molecules, for example, often experience a similar diffi culty in building up true crystals, and it is well known in structure analysis how easily an X-ray diagram may deteriorate as a consequence of intermolecular irregularities. We do not know whether the development of further folds in keratin and myosin takes place in such a way as to give always the same new configuration, or whether there is a choice of new configurations; but even in favourable circumstances we ought not to expect the newly folded chains to group themselves with anything like crystallographic precision; After all, the best X-ray photographs of protein fibres are relatively im perfect as compared with what may be obtained from ordinary crystals.
The probability is, in any case, that the additional folds do not conform uniformly to one and the same new configuration. Between the fully ex tended configuration and the multiple folds of the 'globular' or 'cor puscular' proteins there will presumably be many intermediate steps, and these steps must cover the region of the degenerate or denatured proteins, the long-range elasticity of which may be very considerable indeed (Astbury, Dickinson and Bailey 1935) , and also include the natural elastic protein fibres. From this point of view incidentally-and the argument cannot be stressed too stronglythe elastic prope by no means unexpected: they fit automatically into the stereochemistry of the proteins (Astbury 1938a, b) . In the more advanced stages of supercontraction, both of keratin and myosin, there appears a disoriented /^-photograph. This is an example of the general mechanism of protein denaturation (Astbury, Dickinson and Bailey 1935) . In general, when we heat a corpuscular protein there is a liberation of polypeptide chains from their specific folded configurationthis is the essence of denaturation-and the resulting product, often highly elastic, as already mentioned, will always contain a proportion of chains in the extended, or /?-, form. These aggregate into regular bundles of the structure described in II and give rise to the disoriented ^-photograph which is typical of all proteins at such a stage. Keratin and myosin are no exception, for their a-folds are undoubtedly the linear prototype of the F igure 1. Myosin film , X -ray beam perpendicular to th e surface. more generalized folds of the corpuscular proteins. Keratin requires first the breakdown of certain cross-linkages before becoming susceptible to the action of steam, but myosin passes from the a-to the /j'-form in water no hotter than about 55° C. In a sense this is unfortunate, but it has its compensation in that it provides an a fortiori demonstration of intra molecular folding; for the /?-form being about twice as long as the a-form, the combined length change as a result of a-/? transformation and complete disorientation should be practically zero (see above), and so actually there is even stronger reason to conclude that some of the chains at least must have become shorter than the a-form. A concept that seems essential for the proper understanding of the elastic properties of biological fibres and similar long-chain synthetic pro ducts is that of better organized parts and less organized parts-a grada tion in both size and perfection of chain-bundles or crystallites. The idea proved invaluable in interpreting the properties of keratin, but it applies with equal force to almost any biological fibre or fibrous product. Certain peculiarities of animal hairs might be ascribed to histological structure-it is sometimes argued, in spite of the convincing evidence provided by the biological cells themselves (Woods 1938) , that it is uncertain from what parts of the fibre the various X-ray photographs arise; but actually these peculiarities are the consequence rather of a more general, submicroscopic heterogeneity. Whatever else is claimed from X-ray and related studies of myosin, at least they prove this great point for keratin: myosin and keratin are so amazingly similar that they stand or fall together, so to speak. And just as keratin focuses attention on the true contractile component of muscle as distinct from the aids to contraction, so myosin in turn brings the final justification for the view that the essential X-ray and elastic properties of mammalian hairs are effectively those of a single type of substance.
With all three structures, hairs, muscles or isolated myosin, we have constantly to bear in mind that there is little of the nature of true crystal line regularity, that the X-ray fibre photographs represent only the better organized parts of the structures, and that important contributions to the properties may be made by parts that for one reason or another-intra molecular penetration by water or other accessory molecules for instanceare crystallographically so imperfect as to have an all but unrecognizable effect on the diffraction patterns. The X-ray diffraction patterns must be considered only in the light of all sorts of supplementary evidence, rather as broad sketches hinting at the detailed picture. This principle was followed always in the X-ray studies of keratin already presented, and a similar line of approach es attempted here. The observed properties of V o l. 129.
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keratin are consistent with the idea that the better and less organized regions are sufficiently alike to warrant the use of X-rays as a guide to the whole, provided suitable secondary experiments are carried out also; but the whole must be thought of as made up of the different parts acting in series and in parallel. The better organized parts respond preferentially in such reactions as 'setting' in steam, which involves the formation of new cross-linkages (II) and is therefore favoured by perfection of aggrega tion; while the less organized parts function more quickly in changes re quiring freedom of movement, such as the ct-fj transformation and super contraction. Supercontraction is doubly elusive from the X-ray point of view, for not only is it concerned first and foremost with the less organized regions of the structure, but also, as explained above, no new strict fibre pattern ought to be expected even when the better organized regions supercontract. Nevertheless the X-ray photographs do contain the clue to what is happening, because disorientation of the a-pattern lags so much behind changes in length. The reason for this must be that at the beginning as much contraction as possible takes place in series, on account of the internal resistance to disorientation, and then, when other parts in parallel follow suit, disorientation becomes unavoidable. Finally, to supercontract the most compact regions of all requires such drastic treatment that among the products of irregular unfolding and refolding, /^-crystallites are formed. X-ray and related studies of keratin and myosin leave so little room for doubt that the two are allied in molecular configuration and elastic pro perties that we naturally look for resemblances also in their chemical make up. First it must be emphasized again that the similarity is not between myosin and normal keratin, but between myosin and the labile or contracting form of keratin: side-chain breakdown must be revealed in the X-ray photographs of keratin before its properties match those of myosin completely.
This side-chain breakdown has been identified by Speakman (1933 Speakman ( , 1934 Speakman ( , 1936 largely with hydrolysis of the -S-S-bridges between the two halves of the cystine residues incorporated in neighbouring main-chains. Keratin has an outstandingly high and variable sulphur content, ranging from T35 % in porcupine quill to 5T % in human hair (cf. Barritt and King 1933; Speakman 1934; Bailey 1937a) . Most of the sulphur is present as cystine, of which the yields vary from about 5 to 19%, and only a small proportion as methionine, of which the yields vary from 0-44 to 0-67 % (Barritt 1934). Myosin however, especially mammalian and avian myosin, has a much lower, and practically constant, sulphur content, and the order of importance of the two acids is reversed, the cystine yield varying from 0*72 to 1-0%, and the methionine from 3-35 to 3-6 5 % (Bailey 1937a) . There seems, then, to be an obvious interpretation at least of the fact that disulphide bridges must be broken down before the elastic properties of keratin simulate those of myosin completely: it is the next best thing to not having them there at all. Looked at in this way, the hair protein may be thought of as a kind of ' vulcanized ' adaptation of the muscle protein, sulphur bridges being thrown across perhaps to reduce the elastic sensi tivity and increase resistance to infection and chemical attack.*
The molecules of keratin and myosin are not identical of course, but a common configuration or 'plan' must underlie them both: Nature appears to have shared the same idea between them. Indeed, it is a remarkable thing that X-rays have so far revealed only two different molecular types among the biological protein fibres (Astbury 193 1939a, 6 )-the keratin-myosin type and the collagen type (Astbury 1940; Astbury and Bell 1940) . And since the former includes also the fibrils of the epidermis (Rudall 1936; Giroud and Champetier 1936; Derksen and Heringa 1936; Derksen, Heringa and Weidinger 1937) , the existence of myo-epithelial tissue, that is both skin and muscle, is almost something that might be in ferred directly from the X-ray data: in fact there must be a continuous range of structures, from muscle on one hand to keratin on the other, with varying sulphur content and progressively modified elastic properties; and all must conform to a single molecular scheme.
What the minimum requirements of this scheme are we cannot yet say, at least in chemical terms, for though X-rays indicate quite definitely that the outlines of intramolecular pattern are always more or less the same, there appear to be other gross variations in amino-acid composition in passing from myosin to keratin, besides those of the sulphur acids just mentioned. The histidine : arginine : lysine ratio, for instance, is approxi mately 1 : 4 : 6 in myosin (Sharp 1939) , while in keratin it is approximately 1 : 12 : 4 (Block and Vickery 1931; Block 1937; Block and Horwitt 1937; Astbury 1937) . But it is difficult to interpret such findings at the moment: probably the answer must await complete and reliable analyses of both myosin and keratin, and more intensive research into the fine structural differences between their respective X-ray photographs. In the meantime though, there is nothing really surprising, or rather 'unorthodox', in the * In this connexion it is interesting to note th a t L inderstrom -L ang and D uspiva (1935) an(l D uspiva (1936) have shown th a t th e reason w hy th e clothes m oth can digest k eratin is th a t it secretes a pow erful reducing agent which first attack s the disulphide bridges of th e 'g rid ': after th is th e m ain-chains are open to a tta c k from ordinary proteolytic enzymes.
X-ray generalization that a single molecular configuration covers a range of fibres of varying chemical composition, for one of the great lessons now emerging from protein studies is that relatively few types suffice in some way for the whole gigantic field. The ultracentrifuge especially (cf. Svedberg 1937 (cf. Svedberg , 1939 , and the stoichiometric discoveries of Bergmann and Niemann (1936, 1937a, b) , suggest that only certain number residues are used in constructing the various molecular types, and surely it is not more remarkable that myosin and keratin should have a common configuration than that egg albumin, insulin, and Bence Jones protein, for example, should have similar shapes and each be built from probably 288 residues, or that fibrin and haemoglobin should both be built from 2 x 288 residues.
The Svedberg-Bergmann generalization appears to apply with equal validity both to fibrous and ' corpuscular ' proteins, and it is possible to show (Astbury 1937) directly from the X-ray data that keratin almost certainly will be found to fit the scheme. The part played by the sulphur amino acids presents a peculiar difficulty, nevertheless, and the evidence rather inclines one to the view that they play a double role-that there is what may be called ' constitutional ' sulphur, indispensable to the a-plan, that shows itself in the constant composition of myosin, and then 'supple mentary ' sulphur, that is incorporated in increasing quantities as keratin is approached. Clearly, this supplementary sulphur is not essential to the diffraction pattern and principal elastic properties, and perhaps it is embodied in a kind of cementing substance surrounding chain-bundles whose inner structure is always fairly closely the same. Similarly, the ratio of the basic amino acids cannot be the deciding factor, and as a converse example of this apparent lack of correspondence it should be pointed out that the histidine : arginine : lysine ratio of 1 : 12 : 4 has been found by Block ( l o c. cit.) for both mammalian and reptilian-avian keratin (Block regards this ratio as the distinguishing characteristic of the keratins), yet feather keratin gives a complex diffraction pattern of the /?-type, instead of the usual a-pattern given by mammalian keratin (Astbury and Marwick 1932; Astbury 1933a Astbury , 1934 Astbury , 1936 .
A few concluding remarks on the denaturation of myosin may not be out of place, because this is rather a vexed question, and X-rays reveal what happens in a way not possible to chemical methods. Myosin denatures in two main steps, one associated with the a-form and the other with the /?-form. Drying results in aggregation of the a-form by further interaction between the side-chains of neighbouring main-chains, but heat brings about the breakdown of the a-form and the formation of aggregates that include chain-bundles of the fully extended, or /?-, type (see above). The firstmentioned step makes wo fundamental difference to the X-ray photograph, as will be shown in the subsequent paper on the structure of muscle proper; and Mirsky (1936, 1937) has demonstrated that there is no change in the sulphur groups, as is only to be expected, since myosin is already 'con figurationally disposed towards denaturation ' (Astbury, Dickinson and Bailey 1935) . The action of heat, however, is to disrupt the linkages of the a-grid, and then -SH groups are activated (Mirsky 1936 (Mirsky , 1937 , just as they are when any other naturally folded protein is so denatured. Con fusion has arisen through not distinguishing between denaturation asso ciated with the a-form and that associated with the /?-form, and it is important to realize that the former involves no essential configurational disturbance, but rather only an aggregation, while the latter implies serious intramolecular breakdown also.
Occasional exceptions to the rule that drying at ordinary temperatures leaves the a-configuration substantially unchanged were observed in the early stages of this work; and in general these mishaps seemed to be associated with drying the sol too slowly, though possibly they were due to some imperfection of technique in the original extraction. At any rate, some of the films did not give a pure a-photograph: there were definite traces of the /?-diagram also. It should be put on record, therefore, that the intramolecular folds of myosin can thus break down sometimes as readily as those of the sensitive corpuscular proteins.
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S u m m a r y
Starting from the similarity between the X-ray diffraction patterns of muscle and myosin and those of the mammalian keratin fibres, a detailed X-ray and elastic study has been carried out of strips of myosin film pre pared by drying the sol.
Methods are described of orienting the myosin chain-molecules: when oriented but unstretched they are found to give an a-photograph almost indistinguishable from that of unstretched keratin, and when stretched a /^-photograph almost indistinguishable from that of stretched keratin. As with keratin the long-range elasticity rests on a reversible intramolecular transformation, the fully extended, or /?-, form of the molecule being again about twice as long as the folded, or a-, form.
The X-ray and elastic properties of myosin are found to resemble most closely, not those of natural keratin, but those of keratin that has suffered breakdown among the cross-linkages (including disulphide bridges) of the polypeptide grid. For example, by pressing moist myosin at ordinary temperatures selective orientation is brought about analogous to what is produced in keratin only at higher temperatures. Similarly, myosin super contracts in hot water or cold dilute alkali without the preliminary stretch ing treatment required by keratin.
The supercontraction of myosin has been studied quantitatively and the accompanying structural changes followed by X-rays. The results show that the effect cannot be explained as due simply to disorientation of long thin units; it must involve a further folding of the polypeptide chain system.
The hypothesis is put forward that the contraction of muscle arises from supercontraction of its myosin component. It will be shown in a subsequent paper that X-ray photographs of muscle in various states, both living and dead, are entirely consistent with this view.
The fact that myosin and keratin are similar in both molecular con figuration and elastic properties is discussed in the light of recent X-ray and chemical findings, and the X-ray interpretation is given of the denaturation of myosin.
